Formant frequencies were examined as a possible acoustic correlate to Japanese accent. A perception study conducted by the first author of the present study used synthetic speech stimuli in which the harmonic structure of each spectrum (F0) was removed from speech produced in a normal manner and replaced by white noise. The stimuli created this way ensured that the only property altered from the normal speech would be the presence or absence of the F0. The result found that Japanese listeners reliably identified minimal pairs of words that differed only by accent, indicating that F0 is not the only acoustic cue to Japanese accent. Since previous studies on whispered speech report a positive correlation between the pitch height intended by speakers and formant frequencies, formant frequencies were measured as a possible correlate to accent. However, the analysis did not find any correlation between the F0 movements observed in the original normal speech and the formant frequencies measured in the synthetic speech. This result suggests that acoustic properties other than the F0 are also affected in whispered speech and claims made about the positive correlation between the intended pitch and formant frequencies in whispered speech do not hold in normal speech.
INTRODUCTION
Languages often employ multiple acoustic cues to characterize linguistic properties. For example, in stress accent languages such as English, German and Dutch, stressed syllables are typically longer in duration, have a greater movement of fundamental frequency (F0), or pitch, and tend to have a greater intensity [1, 2] . More recent studies on Mandarin Chinese strongly suggest secondary cues to tone [3, 4] . They propose that listeners can use amplitude contour and duration as cues for tone identification. These findings, from languages that have various prosodic characteristics, demonstrate that redundancy in linguistic information is common. When one cue is absent in the acoustic signal, listeners can still recover the phonetic identity of the intended target using the remaining cues. In Japanese, while F0 has been found to be a consistent and clear correlate of accent [1] , research to date has yet to identify secondary cues to accent. Previous studies measured properties such as vowel duration and intensity, but they did not find compelling evidence for secondary cues to Japanese accent [5, 6] . A perceptual study that used whispered speech reports that listeners were able to identify words spoken in a sentence with roughly 90 percent accuracy [7] . Since whisper is normally produced without vocal fold vibration and therefore without F0, this finding seems to argue for the existence of secondary cues to accent. Indeed, acoustic analyses of whispered speech show a positive correlation between formant frequencies and intended pitch by the speakers [8] . Consistent with this finding, a higher F0 was perceived when formant frequencies were raised [9] . While these findings suggest that formant frequencies serve as cues to pitch when F0 is absent in speech signal, it requires further investigation. Liu and Samuel (2004) compared whispered speech produced by humans and synthetic speech in which they removed the harmonic structure of each spectrum (F0) to find that durational differences were exaggerated in whispered speech. They propose that speakers enhance certain acoustic qualities as a way of compensation when people speak in whisper [4] . Using synthetic stimuli in which F0 was replaced with white noise, the present study first conducted a perception experiment to determine if acoustic cues other than F0 exist. Based on the results obtained in the perception experiment, the synthetic stimuli were then analyzed to assess whether format frequency could haven been a cue to Japanese accent.
EXPERIMENT

Method
Listeners Twenty-two native speakers of Tokyo Japanese aged between 18 and 21 years old were recruited at Keio University in Yokohama. The participants as well as their parents were native speakers of Tokyo Japanese. None of them reported any history of a hearing or speaking disorder. The experiment lasted about an hour for each listener.
Material
The speech stimuli were created from recordings of a female speaker who participated in an earlier production study. The speaker was a native speaker of Tokyo Japanese who grew up in the Tokyo area. Both of her parents were also from the Tokyo area. The speaker produced target words in the carrier sentence "kare wa _ ga ii," in which an underscore "_" indicates the location where the target words were placed. The resulting sentence means either 'he likes _' or 'he has a sensitive _,' depending on the meaning of the target word embedded in the sentence. The target words were minimal pairs of final-accented words and unaccented words that differ only in accent. For example, /haná/ (the symbol "´" indicates that the syllable is accented) 'flower' and /hana/ 'nose' have the same phoneme sequence and the pitch pattern of low-high. Yet, they differ in that while /haná/ 'flower' has accent on its final syllable, /hana/ 'nose' has no accent. Using an electronic dictionary [10] , minimal pairs analogous to <hana> were thoroughly searched, resulting in 14 minimal pairs. In this paper, angled brackets "< >" are used to refer to a pair of words which has the phoneme sequence as represented between the brackets. See the Appendix for a complete list of words.
Twenty-eight words, produced twice in the carrier sentence in normal phonation, were used as the natural speech stimuli in the perception experiment. They were recorded to disk on a computer at the sampling rate of 44.1 kHz with 16-bit linear resolution and then normalized for peak amplitude. Synthetic speech stimuli were generated from these natural speech stimuli using Praat [11] . The default parameter settings for LPC analysis-resynthesis were used with a window length of 25 ms, and a time step of 5 ms. The harmonic structure of each spectrum in the original natural speech was removed and replaced with white noise. The stimuli created this way ensured that the only acoustic property altered was the presence or absence of F0, while keeping other acoustic properties unchanged. Figure 1 shows the spectrograms and F0 contours (blue dotted lines) for the pair <tori> in natural speech and synthetic speech. Note that while the F0 drops steeply from the accented syllable into the following syllable (the upper left panel), the F0 stays relatively flat for the unaccented word (the lower left panel). These F0 behaviors serve as the primary cue to accent in normal speech [12] . The absence of those dotted lines for synthetic speech indicate that no F0 was detected. 
Procedure
Each listener was tested individually in a quiet room. The stimuli were presented using the SuperLab stimulus presentation software on a MacBook Pro. A Cedrus response pad RB-730 and SONY MDR-CD900 headphones were connected the computer. The stimuli were played at a comfortable listening level. The listeners' task was to identify the words they heard from the two alternatives provided on the computer screen. After the presentation of an audio stimulus, the listeners pressed a button that corresponded to the word they heard. When a subject failed to respond within four seconds, the trial was treated as a missed trial and the next stimulus was presented.
Each listener received eight blocks of natural speech stimuli and eight blocks of synthetic speech stimuli. Half the listeners heard eight blocks of natural speech first and then heard eight blocks of synthetic speech. The remaining half heard eight blocks of synthetic speech first and then heard eight blocks of natural speech. One block consisted of 28 words (14 pairs) of natural speech or synthetic speech presented in a random order. In other words. each listener heard a total of eight tokens for each of the words.
Results and Discussion
Perception of the Synthetic Stimuli
The data for one listener were omitted from the analysis because after the data were collected, this listener turned out not to qualify as a native speaker of Tokyo Japanese. Each listener received 448 trials total (28 words×2 tokens×4 repetitions=224 of natural speech and synthetic speech). Twenty-five out of 9408 trials (448 trials×21 listeners) had no responses. Eight trials out of the 25 missed trials were from natural speech and the remaining 17 were from synthetic speech. These missed trials accounted for less than 0.3 percent of all trials presented. They did not concentrate on certain words or listeners. Based on the responses of 9383 trials, the mean accuracy was computed for each pair of words separately for natural speech and synthetic speech. The listeners' accuracy of word identification for natural speech was used as the baseline in interpreting their performance on the synthetic speech stimuli. Since the main purpose of this paper is to examine if formant frequencies in synthetic speech stimuli would be correlated with Japanese accent, thereby serving as cues to accent, the results of the perception study will be discussed as far as they are relevant to the acoustic analyses of the synthetic speech stimuli discussed in the next section.
As expected, listeners were very accurate in identifying words in natural speech. Their accuracy was roughly 90 percent for all pairs, except <moti>, with which listeners were less than 60 percent correct. Since it is difficult to interpret the synthetic stimuli data when the accuracy is so low for the natural speech stimuli, <moti> was left out of further analysis. When the pair was excluded, the mean accuracy was 94.4 percent. In comparison, synthetic speech had much lower accuracy, averaging 64.8 percent. Yet, the accuracy exceeded the chance level, suggesting that the listeners were using some acoustic information in the stimuli as cues to accent. Detailed results are shown in Table 1 , where the pairs are ordered from the one that had the highest accuracy to the lowest.
Acoustic Analyses
The results of the perception experiment prompted us to delve into the acoustic details of the stimuli presented to the listeners. As mentioned earlier, Liu and Samuel (2004) discuss discrepancies between whispered speech produced by humans and speech synthesized by artificially removing F0. However, with no other good candidates available in the literature, formant frequencies seemed a good place to start. The results from past studies are mixed in terms of which formants contribute more to perceiving pitch than other ones. Some measured first and second formants to find a positive correlation [9] while some found influence of higher formants [8] . In the present study, first four formants were measured. Fifth formants were not measured because they were not always clearly identified.
Given the F0 patterns in final-accented words and unaccented words and the positive correlation between F0 and formant frequencies found in earlier studies, the difference between the two types of words is likely to appear most clearly in the following particle. In natural speech, an F0 drop after final-accented words is a strong correlate of accent [12] . In synthetic speech, then, formant frequencies should be lower for final-accented words than unaccented words (see the column under "Predicted Formant Frequency" in Table 2 ). Since final-accented words have a higher F0 peak than unaccented words word-finally, formant frequencies should be higher for final-accented words than unaccented words. It is not certain if or how word-initial syllables in final-accented words and unaccented words would differ. Kubozono (1993) found that word-initial syllables had a higher F0 for final-accented words than unaccented ones [12] , but Sugiyama (2012) did not find the difference [13] . This suggests that word-initial syllables are not a crucial factor to distinguish final-accented and unaccented words. If anything, formant frequency is not likely to be higher for unaccented words than final-accented words. With these predictions, formant frequencies were measured for word-initial syllables and word-final syllables of the target words and the one-syllable particles that followed them. For these three syllables, formant frequencies were measured at three locations: onset, middle and offset of the syllables within which formant structures were relatively clearly observed. The onset was measured at 20 ms (milliseconds) from the location where more or less clear formant structures were first observed. The offset was measured at 20 ms before the location where more or less clear formant structures disappeared. The middle was measured at the middle point of the onset and offset of syllables. Since formant frequencies were measured at three locations for 13 word pairs, each syllable had 39 measurements for each formant for each of final-accented and unaccented words. Although two repetitions of each word were used as stimuli in the perception experiment, only the first repetition was analyzed. Because the analysis of the first repetition yielded results far from showing any consistent tendency, as will be discussed shortly, the second repetition was not analyzed. After the measurements were taken, the formant frequency values that were originally in Herz frequencies were converted to Bark frequencies to match human auditory scales. In conversion, the Bark values (B) were calculated by the equation from Zwicker and Terhardt (1980) , B = 13 arctan(0.76f /1000) + 3.5 arctan(f /7500) 2 [14] . Then, the numbers of syllables that were compatible with the prediction were counted. The results are summarized in Table 2 . The particle was expected to show the strongest correlation between F0 and formant frequencies, but the forth formant was the only formant in which more than half (22 out of 39) measurements were consistent with the prediction. For the second syllable, only third formant was consistent with the prediction. For the first syllable, the forth formant was in line with the prediction, but the tendency was not strong. Overall, formant frequencies do not show a positive or negative correlation with F0. These two acoustic properties seem to behave independent of each other. 
Because formant frequencies were measured at only three locations for each syllable, it was possible that the measurements overlooked differences which were present between these measurement points. In order to capture more fine-grained formant movements, formants were plotted for each pair of final-accented words and unaccented words along with the particle. Figure 2 shows some of the formant plots generated. The upper panel shows the formant tracks of <tori>, which had the best accuracy among the 13 pairs, and the lower shows the formant tracks of <hati>, which had the lowest accuracy (see Table 1 ). Neither the pair <tori> or <hati> shows any systematic F0 contour differences by the type of words. No consistent formant patterns were observed in the rest of 11 pairs either. Basically, the formant plots confirmed what the formant frequency measurements found. That is, formant patterns do not differ systematically between final-accented words and unaccented words. 
GENERAL DISCUSSION
Conventional wisdom assumes that formant frequencies increase simultaneously with F0. The results of the current study do not support this assumption. This discrepancy seems accountable, given the types of stimuli used in past and current research. Studies that observed laryngeal movements in whispered speech showed that the supraglottal structures were constricted and shifted downward when subjects spoke in whisper [15, 16] . Furthermore, simulation of experiments based on an electrical circuit model of the vocal tract clarified that local narrowing of vocal tube caused shifts in formant frequencies, e.g., the first formant was lowered with narrowing around the mouth aperture in /i/ [16] . This phenomenon is known as perturbation theory [17] , which postulates that resonance frequencies change in predictable ways, when the vocal tract is constricted at various locations. The experimental results reported in past research were largely based on whispered voices that intrinsically involved narrowing areas of the vocal tube, as reported in Matsuda & Kasuya [16] . Therefore, the speech should have contained shifts in formant frequencies in accordance with the perturbation theory. In this work, we artificially removed the F0 component from normally-uttered speech, that in principle, did not contain formant shifts resulting from narrowing the vocal tube. The result of our experiment shows that the movement of F0 does not affect that of formant frequencies, which is consistent with claims from speech production theory.
